Treatment of higher plant (Nicotiana tabacum L. var. Samsun) chloroplast thylakoid membranes with surfactants results in a shift of the chlorophyll a absorption maximum in the red spectral region from its in vivo value of 678.5 nanometers to shorter wavelengths. The magnitude of this shift is correlated with membrane disruption, and is not necessarily due to the release of pigment from pigment-protein complexes present in the membrane. Membrane disruption has been measured by the amount of pigment in the supernatant fraction after centrifugation of surfactant treated membranes. For This has necessitated an empirical approach to their efficacy. Furthermore, the traditional method of ascertaining the ability of a surfactant to disrupt membrane structure-centrifugal fractionation of "soluble" and "insoluble" fractions-is cumbersome and time-consuming. The minimum time required is usually 2 or more h (including sample treatment, centrifugation, and analysis). The capacity of the centrifuge rotor limits the number of samples that can be treated at one time and requires considerable amounts of experimental material. Investing so much time and sample in preliminary experiments to determine the optimal concentration or stoichiometry of surfactant to be added to the membrane sample is often a serious disadvantage. It would thus be highly desirable to have a readily measured biochemical criterion with which to assess the effectiveness of a surfactant using minimal quantities of sample.
Much of our knowledge about the supramolecular organization of photosynthetic membranes and the components within them is derived from the use of surfactants as membrane solubilizing and fractionating agents. However, surfactants cannot generally be used in a reasonably predictable manner with biological systems. This has necessitated an empirical approach to their efficacy. Furthermore, the traditional method of ascertaining the ability of a surfactant to disrupt membrane structure-centrifugal fractionation of "soluble" and "insoluble" fractions-is cumbersome and time-consuming. The minimum time required is usually 2 or more h (including sample treatment, centrifugation, and analysis). The capacity of the centrifuge rotor limits the number of samples that can be treated at one time and requires considerable amounts of experimental material. Investing so much time and sample in preliminary experiments to determine the optimal concentration or stoichiometry of surfactant to be added to the membrane sample is often a serious disadvantage. It would thus be highly desirable to have a readily measured biochemical criterion with which to assess the effectiveness of a surfactant using minimal quantities of sample.
We have recently explored the usefulness of surfactants previously unused for biochemical research (10, 12) . During this work it became apparent that the shift of the Chl a red absorption maximum to shorter wavelength values might be a convenient ' Supported by the National Science Foundation, Grant PCM 78-15835, and by the Science and Education Administration of the United States Department of Agriculture under grant number 5901-0410-8-0170-0 from the Competitive Grants Office.
criterion to assess the efficacy of the various surfactants for disrupting the thylakoid membrane. Chl a has major absorption bands in the blue and red region of the electromagnetic spectrum (17, 19) . The red band of Chl a in organic solvent is narrower and at shorter wavelengths than that observed for Chl a in vivo (7).
The in vivo broadening occurs because the red peak is a composite of several slightly different spectral forms of Chl (7), resulting from individual Chl molecules residing in different environments.
The thylakoid membrane pigments occur in specific pigmentprotein complexes (4, 22) . It is believed that pigment-pigment and pigment-protein interactions within individual holocomplexes, and, to a lesser extent, the membrane milieu produce the majority of the different spectral forms observed. Addition of surfactants can result in disruption of the membrane and possible denaturation of pigment-protein complexes, thereby altering the special environments of the pigment molecules and causing long wavelength forms to absorb at shorter wavelengths (7) . The net effect is to shift the composite red absorption peak to shorter wavelength values. These surfactant-induced shifts have been known for 40 years (21) . They were systematically studied by Sauer and Park (18) who found that the magnitude of the wavelength change was not correlated with a loss of photosynthetic activity as measured by the Hill reaction. The present report will suggest that at least a portion of the wavelength shift on addition of surfactant results from disruption of the thylakoid membrane structure and that the ionic nature of the surfactant used is directly related to the effect observed. (6) .
RESULTS
The concentration of Chl in samples extracted in 80% (v/v) acetone was determined spectrophotometrically using Amon's equations (2) . All absorption spectra were taken with an Aminco DW-2 spectrophotometer using a bandpass of 1.5 nm. Samples of treated and untreated membranes that were too concentrated to have their absorption spectrum determined directly were diluted in 6.2 mm Tris, 48 mm glycine (pH approx. 8.3). To determine the exact wavelength ofthe Chl red absorption maximum, the recorder scale was expanded to 1 nm/cm and the spectrum in the red region was scanned at a speed of 0.2 nm/s.
Sorbitol, Tricine, Tris, glycine, SDS, sodium N-lauroylsarcosine, Triton X-100, Triton X-165, and cetyltrimethylammonium bromide were purchased from Sigma. The Tris salt of dodecylsulfate was prepared by treating a 10% aqueous solution of SDS with Amberlite IR-120 (H+ form) and neutralizing the solution with solid Tris base. Sodium dioctylsulfosuccinate, octyl glucoside, and EDTA were purchased from Eastman Kodak Co., Calbiochem, and J. T. Baker Chemical Co., respectively. Nonidet P-40 was purchased from Particle Data Laboratories, Ltd., Elmhurst, IL. peaks in the spectral regions attributed to the absorbance of the Chl chromophore, and disrupts the membrane structure in a process which is often referred to as "solubilization." We have examined both the absorption changes and solubilization as a function of increasing surfactant concentration. Typical data for two of the surfactants tested are shown in Figure 1 . As the amount of surfactant added to a thylakoid membrane sample was increased, the amount of Chl containing material that remained in the supernatant fraction following centrifugation at 100,000g for 1 h (ie. amount solubilized) increased as expected. Concomitant with this increase, and in agreement with Sauer and Park (18) we observed that the red wavelength maximum shifted to shorter wavelengths. The amount of Chl containing material liberated by a given surfactant appeared to be generally correlated with the extent of the shift of the absorption maximum irrespective of whether the added surfactant was anionic, nonionic, cationic or zwitterionic; that is, the greater the amount of surfactant added, the greater the shift. Effect of Centrifugation Time. Centrifugation of a sample of surfactant-treated thylakoid membranes for increasing lengths of time at 100,000g yielded supernatant fractions in which the amount of Chl-containing material steadily decreased (Fig. 2B) . We assume that as the centrifugation time increased, the mean size of the particles remaining in the supernatant fraction would steadily decrease. Concomitant with this is a shift toward the blue of the supernatant fraction's Chl red wavelength maximum (Fig.  2A) . The extent of the shift is greater than that observed for aliquots incubated for equal times without centrifugation (i.e. no fractionation of large and small particles). This phenomenon was observed for an anionic (sodium dodecylbenzenesulfonate), nonionic (Nonidet P-40), zwitterionic (sodium N-lauroylsarcosine) and cationic (BTC 50) surfactant, although the shift reached its maximum more rapidly in the latter case. Thus, the blue-shift of absorbance upon addition of surfactant appears to be correlated with the degree of disruption of the thylakoid membrane induced by the surfactant.
ASSESSING THE EFFECT OF SURFACTANTS
Effect of Surfactant's Ionic Nature. From the above data, it seemed that the extent of wavelength shift observed for a given amount of membrane disruption may be strongly influenced by the ionic nature of the surfactant used. To test this, aliquots of thylakoids were examined as above with arbitrary concentrations (generally around 1%) of a number of different surfactants (Fig.  3 ). The data demonstrate that there apparently is a correlation between the ionic class of the surfactant and the extent to which the Chl absorption peak is shifted for approximately equal amounts of material liberated from the membrane. The Chl peak is blue-shifted to a greater extent by cationic and nonionic surfactants, than by anionic surfactants. Because of differences in experimental design, the data in Figure 2 are not strictly comparable with the data presented in Figure 3 .
DISCUSSION
Different types of biological membranes can have extremely different lipid and protein compositions, and hence properties. Therefore, a surfactant may vary in its efficacy between different membrane systems. For example, difference in bilayer fluidity has a profound effect on the ability of a surfactant to solubiize membrane components (15) . Most researchers rely on generalizations when selecting which surfactants to use. Thus, it is a commonly held belief that nonionic surfactants (e.g. Triton X-100) cause less denaturation of protein components than ionic surfactants (e.g. SDS) (8) . However, this dictum originated from studies on water-soluble proteins and the conclusion may not be valid for all proteins (14) , particularly those in membrane systems, or for all concentrations of surfactant. For effective use of surfactants, it is important to take into consideration the specific characteristics of the membrane system being studied (e.g. lipid composition, pI, surface charge density, ionic strength and nature of ions in the system).
Regardless of the particular reason for treatment of a membrane fraction with surfactants, it is usually necessary to monitor the resulting dispersal of the constituent components. Traditionally, the extent of membrane disruption has been monitored by centrifugation. For many biochemists this has resulted in operational definitions of soluble and insoluble for the supernatant and pelleted fractions, respectively, following some arbitrary centrifugation regimen (e.g. 100,000g for 1 h). The data presented in this report demonstrate a reasonable correlation between the wavelength maximum of Chl-containing material liberated from the membrane, and the amount solubilized by the above definition, as well as the sizes of the fragments resulting from surfactant treatment.
The different susceptibilities of the Chl absorption spectrum to the various ionic classes of surfactants probably represent specific interaction of the pigment-protein complexes with the surfactant molecules. The thylakoid membrane has a pI of approximately 4.3 and at physiological pH values has a net negative surface charge (13) . Because not all interaction of surfactant molecules with the membrane is hydrophobic in nature (16) , this negative charge will have a profound influence on the ability of surfactants to interact electrically with membrane components. Comparison of the binding of a monomeric surfactant with a charge similar to the membrane, approximated by the Langmuir-type adsorption isotherm (9) , with that of a nonionic surfactant leads to the prediction that the former surfactant would be less binding; a surfactant of opposite charge would have increased binding. Interaction of the membrane with surfactant micelles would also show a charge effect due to electrical properties of the GouyChapman diffuse layer and the Stern layer (3, 16) . Of course this view of the situation is an oversimplification. In reality, the membrane surface charge is microheterogenous. However, the major class of proteins in the thylakoid membrane, the pigmentprotein complexes, all have pl values between 4 and 5 (20) , indicating that they are negatively charged at the pH values used in these experiments.
For approximately equivalent disruption of the membrane (ie. the same percentage of solubilization), the absorption maximum is shifted less by anionic surfactants than by cationic or nonionic surfactants as expected from the foregoing discussion. The large wavelength changes caused by cationic surfactants (e.g. Fig. 2 ) at concentrations which do not appreciably disrupt the membrane structure (as monitored by the liberation of Chl-containing components) probably then reflect dissociation of intracomplex, in addition to intercomplex, associations of the pigment-protein holocomplexes. We tested a number of zwitterionic surfactants and found them to cause amounts of blue-shifting equal to or less than that of the nonionic surfactants (data not shown). However, these data are difficult to interpret since the net charge on some of these surfactants was not neutral due either to the pH used (e.g. Nlauroylsarcosine) or to the unequal numbers of anionic and cationic groups in their structures (e.g. Deriphat 160).
Our One could also argue that these observed shifts in wavelength are primarily the effect of denaturation of pigment-protein complexes with the consequent production ofa surfactant-Chl complex which absorbs at shorter wavelengths than Chl molecules in vivo (i.e. increased surfactant interaction produces more 'free' pigment). We think this explanation is also unlikely: we have previously shown (11) 
